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Abstract
Ensemble averaging experiments may conceal many fundamental molecular inter-
actions. To overcome that, a high-throughput detection of single molecules or colloidal
nanodots is crucial for biomedical, nanoelectronic, and solid-state applications. One-
dimensional (1D) discrete flow of nanoscale objects is an efficient approach in this
direction. The development of simple and cost-effective nanofluidic devices is a crit-
ical step to realise 1D flow. This letter presents a nanofabrication technique using
shadow-angle-electron-beam-deposition for a high-throughput preparation of parallel
nanofluidic channels. These were used to flow and detect small fragments of DNA,
carbon-nanodots, and organic fluorophores. The 1D molecular mass transport was
performed using electro-osmotic flow. The 1D flow behaviour was analysed using two-
focus fluorescence correlation spectroscopy (2fFCS). A range of flow velocities of sin-
gle molecules was achieved – from 15 µm/s to 290 µm/s. The transitions of single
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molecules or nanodots through the two foci were quantitatively analysed using con-
focal scanning fluorescence microscopy, correlative photon detection, and burst size
distribution analysis. The results suggest an efficient nanofabrication technique is de-
veloped to prepare nanofluidic devices. This first demonstration of high-throughput
nanochannel fabrication process and using 2fFCS-based single molecule flow detection
should have potential impact on ultra-sensitive biomedical diagnostics and studying
biomolecular interactions as well as nanomaterials.
Keywords
Nanofluidics, single molecule detection, two-focus fluorescence correlation spectroscopy, pho-
ton burst size distribution.
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Due to Brownian motion, it is impossible to keep a molecule within the detection volume for
an extended period of time. The study of nanofluidics became popular to circumvent this
problem with wide scientific applications.1–4 With the advancement of nanotechnologies,
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nanofluidic devices comprising arrays of nanochannels with diameters less than hundred
nanometres have become significant for bioanalytical diagnostics applications, such as DNA
optical mapping,5–8 single virus and nanoparticle detection.9–14 Nanochannels are useful
tools allowing systematic studies of entities from single molecule to viruses over long periods
of time. It can induce 1D fluidic confinement by suppressing the thermal motions in two
directions.
The primary problem is to establish a simple and efficient way of nanofabricating 1D
nanofluidic channels. Different methods have been published, which described the fabrica-
tion processes of such nanofluidic devices.18–22 However, majority of them are technically
challenging, costly, and not easily applicable for high-throughput production. Hence, we
present a cost-effective and simple nanofabrication technique based on electron beam lithog-
raphy (EBL) and shadow-angle-electron-beam-deposition (SAEBD).
The nanochannels were used to detect a flow of photoluminescent nanomaterials, such
as small DNA molecules labelled with single organic fluorophores, carbon nanodots (CND),23
and pure organic fluorophores. Using two-focus fluorescence correlation spectroscopy (2fFCS),24–27
we recorded the transits of single molecules or nanodots through the nanochannels, and
quantitatively analysed their flow velocities. Here, the detection regions were two diffraction
limited focal spots with a lateral displacement of 400 nm. To ensure 1D tranport between
the two foci, the diameter of the nanochannels should be smaller than the focal diameters.
The nanochannels presented here have diameters ranging from 30 nm to 100 nm, which are
smaller than the focal diameter.
The process steps to create an enclosed nanochannels involve – nanofabrication of open
nanochannels using EBL and RIE and enclosing them using SAEBD. The ballistic path of
the electron beam (e-beam) assisted evaporation28 is the principle behind SAEBD. When
a straight beam of depositing material hits onto an open nano-trench at shallow incident
angles, no deposition occurs in the shadowed region.29,30 Such deposition can enclose a large
number of parallel nanochannels (depending on the e-beam diameter) leaving the shadowed
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region as the fluidic path of interest. The process is unaffected by nanometre sized leftover
residues of the e-beam resists and does not require an atomically clean surface, unlike any
wafer bonding process.31 For optical reasons, the final nanochannels were prepared using
pure silicon dioxide. Being an insulator silica contributes to surface charging under e-beam
which affects EBL and SEM. EBL and SEM induced surface charges were compensated using
a thin-film of gold. Here we show the SAEBD process using silicon to obtain high resolution
electron microscopy images of the intermediate steps.
Figure 1a shows a schematic flow-chart of creating nanochannels on [100] silicon wafers.
The width of the nano-trenches (i.e. the final width of the enclosed nanochannels) can be
optimised by the e-beam exposure of the EBL to the positive e-beam resist. Different widths
of nano-trenches were created ranging from 30 nm to 100 nm. In Figure 1b we observe
nano-trenches of such widths, 65 nm and 100 nm. The nanolithographed e-beam resist acted
as a mask for RIE to etch the final nano-trenches on silicon. The depth of the nano-trenches
was investigated with AFM as 35 nm to 40 nm.
In the next step, SAEBD was used to enclose the nano-trenches to create enclosed
nanochannels. Figure 1c schematically explains the concept of the SAEBD process. A
high-energy e-beam (bent with magnet) sublimates the material which deposits onto the
substrate. Figure 1d schematically explains the role of deposition angle (θ). The shadowed
region is created due to the angular depositions. This region is unexposed to the depositing
material. The deposited region and shadowed region are colour coded red and yellow, re-
spectively. In the time evolution schematic, the SAEBD leads to enclosing the nano-trenches
leaving apart a void. By decreasing θ, one can increase the hypotenuse. At an acute angle
close to 0◦, the hypotenuse becomes nearly parallel to the base as shown in Figure 1e-h.
Figure 1e schematically represents a high angle deposition which was realised at 80◦ in Fig-
ure 1f. Here, an array of 5 mm long nano-trenches were cross-sectioned using a wafer sawing
instrument to observe the intermediate steps while performing SAEBD. Figure 1g schemati-
cally represents a low angle deposition which was realised at 45◦ in Figure 1f. Designing the
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Figure 1: Nanochannel fabrication using SAEBD. a. Fabrication of nano-trenches
on silicon with EBL and RIE. b. SEM of silicon nano-trenches with 62 nm and 100 nm
width. c. SAEBD at angle θ. d. Shadows of electron beam – arrows represent angular
e-beam evaporation. e. Schematic of high angle deposition and f. SEM of deposition at
80◦. g. Schematic of low angle deposition and h. SEM of deposition at 45◦. i. FIB
cross-section of the enclosed nanochannels. Two layers of platinum were used to protect the
nanochannel form high energy ions. j. Magnified view of the enclosed nanochannel, where
Si-1 is the silicon substrate on which nano-trenches were fabricated, Ti-2 is the 50 nm thick
titanium layer which was used in SAEBD, Pt-3 and Pt-4 were platinum deposited inside
FIB. k. Further magnified view of the nanochannel where ‘1’ represent silicon (Si-1) and ‘2’
represent titanium (Ti-2).
deposition stage is difficult for an acute angle close to 0◦. Nevertheless, satisfactory results
were obtained using θ = 45◦ as shown in Figure 1i-k. 60 nm titanium was deposited on
the open nano-trenches at an angle of 45◦ with a deposition rate of 1A˚/s at a pressure of
2× 10−6 mbar. We predict that at an angle 30◦ one can prepare high-quality flat edge.
We used FIB to cross-section the produced nanochannels for characterisation. To avoid
ion beam induced damage, the top part of the region to be milled was protected with metallic
thin-film layers. We deposited two thin-films on the top surface of the enclosed nanochannels.
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Figure 1i - k show SEM images of the milled regions from low to high magnification. In
Figure 1j the first layer (Si-1) is the silicon substrate on which nano-trenches were fabricated.
The second layer is the 45◦ SAEBD-ed titanium (Ti-2) layer. The third and fourth layers –
Pt-3 and Pt-4 are platinum layers of 100 nm and 450 nm, respectively – acted as protective
layers to avoid FIB induced damage. Pt-3 and Pt-4 were deposited using FIB, which have
no relation to the SAEBD process. In Figure 1k, we observe the magnified cross-section of
an enclosed nanochannel. Here, ‘1’ and ‘2’ refer to Si-1 and Ti-2 layers, respectively. As
speculated, the non-conformal SAEBD growth of titanium thin-film produces a well defined
flat encloser of the nanochannel. A 60 nm of titanium SAEBD at 45◦ angle should produce
a vertical thickness of 51 nm. In Figure 1j, the vertical thickness of the titanium film is 47.8
nm. Considering the uncertainty of few nanometres deposition thickness, this agrees well
with our expectation.
After this proof of principle experiment with titanium, fused silica based nanofluidic
devices were prepared. Here, 5 nm of gold thin-film was sputter coated prior to spin-coating
e-beam resist on the silica wafer. Monte-Carlo simulations were performed to optimise gold
thin-film thickness in order to reduce charging effect of silica under EBL. Fused silica based
nano-trenches were enclosed with SAEBD using silicon dioxide at 45◦.
The design of the silica based nanofluidic device to perform single molecule experiments
is schematically illustrated in Figure 2a. It has two reservoirs with gradual decrease of length-
scale from milli-scale to microscale and finally, the nanometre-sized channels. Two milli-scale
reservoirs were used as inlet and outlet. These two inlets were sand blasted on silica wafers
using 70 µm silica particles prior to nanofabrication process. The microscale reservoirs
with the same thickness of nanochannels and micrometre width were etched with RIE. In
the Figure 2a, the white regions and blue regions are milli-scale and microscale reservoirs,
respectively (Supporting information Figure S1 and S2). The red stripes correspond to
nanochannels. They are connected to the microscale reservoirs. An SEM image of these
silica nanochannels is also shown in the right inset of Figure 2a. We filled these nanochannels
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with a solution of fluorescent probes. They were unidirectionally transported with electro-
osmotic flow32–35 as shown in Figure 2b. After filling one reservoir with fluorescent molecules
(diluted in PBS buffer - see methods - electro-osmotic flow) capillary force transported the
fluid to the other reservoir. A relaxation time of 30 s was given to avoid development of
trapped air bubbles, and then only, the second reservoir was filled. Two 100 µm thick
platinum electrodes were immersed into the PBS filled reservoirs (supporting information
Figure S1), and an electric field was applied along the nanochannel (supporting information
Figure S1 and S4 – electrode integration with the nanofluidic device). In Figure 2c, single
Alexa-647 fluorophore molecules (purchased from Thermo Fisher, Massachusetts, USA) are
horizontally lined up in all the parallel nanochannels. The pixel to photon counts profile plot
shows an average SNR of 90. This image was captured with a wide-field optical microscope
by exciting the molecules with a 640 nm continuous wave laser (Coherent Laser Systems
GmbH, Go¨ttingen, Germany). Beside the evidence of FIB and SEM, this also infers that the
nanochannels are properly enclosed. No cross-talking of single molecules is observed among
nanochannels.31
Fluid flow inside a nanochannel is 1D when Df >> dnc, where Df and dnc are the
diameters of the detecting region and the nanochannels, respectively (Figure 2a). The degree
of confinement is acceptable until the molecule is forced within the detection volume. This
condition is satisfied because in our case Df is 300 nm to 500 nm (exciation wavelenght
dependent) and dnc is 30 nm to 100 nm.
The in-time and out-time of flowing single molecules within detection volumes were cor-
related using two APDs of 2fFCS (Figure 2b).25 The diffraction limited two foci of 2fFCS
were 40 MHz pulsed interleaved excitation. The two foci were partially overlapping with each
other. They were generated using a Nomarski prism, a 100× 1.49 NA of oil immersion ob-
jective, and two linearly polarised lasers perpendicular to each other. An x-y-z piezo-scanner
was used to acquire scan images and point measurements of photon counts.
,
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Figure 2: Nanofluidic device in a 2fFCS setup. a. Schematic top view of nanofluidic
device together with an SEM image of real nanochannels (scale bar is 30 µm). b. Side
view schematic of the complete experimental set up where electric field is applied through
two reservoirs along the nanochannels using platinum electrodes. Two foci (of 2fFCS) were
aligned with nanochannel using a 100× 1.49 NA oil immersion objective lens. Two different
linearly polarised pulsed interleaved lasers were used for in two foci – excitation. The emission
from flowing single molecules was detected with two APDs. c. A wide-field of image frame
showing the presence of single molecule (scale bar is 8 µm).
To restrict unwanted surface adsorption of single molecule, we used fluorescent molecules
carrying the same charge as the nanochannels’ wall. Pure silica is negatively charged above its
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isoelectric point (pH(I) = 2).36,37 A buffer of pH 8.5 was used to increase the negative charges
on the walls of silica nanochannels. The condition was suitable to flow negatively charged
molecules without being adsorbed. We chose carbon-nanodots (CND) as the first probe
of interest. They are <2 nm in size23 and negatively charged (see supporting information
Figure S5). A confocal scanned image was recorded along the x-y plane when CNDs were
flowing inside nanochannel. In the schematic top-view of the nanochannels in Figure 3a
– dark lines are the nanochannels. They were filled with carbon-dots (Figure 3b). The
pixel size (pa) of the image is 320 nm with dwell time (δt) of 5 ms. To record this focused
z plane in Figure 3b, we performed a y-z scanned image and went to the position, where
the count-rate was maximum. The scheme of y-z piezo-scan is shown in Figure 3c. The
height-wise cross-section of several periodic point spread functions (PSF) were recorded
from periodic nanochannels. When single CNDs are flowing in unidirectionally, jittery (or
fluctuating) fluorescent signals are recored as observed in the periodic PSFs – Figure 3d, e,
and f. An ascending concentrations of aqueous CND soluions were used. In Figure 3d to g,
the volume percentage of CNDs in water relative to its stock solution are 1%, 2%, 5%, and
50%, respectively. Here, pa is 100 nm and δt is 2 ms. The applied electric field to induce
electro-osmotic flow during the measurement was 15 V/mm. As the concentration of CNDs
increased, the fluctuations of the photon signal decreased due to increasing rate of CNDs
arrival in the focal volume (Figure 3d - g).
Time-correlated analysis of photon counts was carried out to investigate flow velocities
of single molecules. These measurements were carried out at the highest photon counted
points of y-z scanned PSFs. Prior to performing every 2fFCS measurement, a y-z scan was
taken as shown in Figure 4. To substantiate that our method is not restricted to a particular
fluorescent probe, we performed 2fFCS of Atto 488 dye (see supporting information for a
control measurement of diffusion Figure S6) and 48 base-pair of DNA labelled with single
Alexa-647 fluorophore (purchased from IBA GmbH, Go¨ttingen, Germany). The electrolytic
aqueous buffer solution used for the electrosmostic flow is detailed in the Method section.
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Figure 3: 1D Flow of CNDs. a. Schematic top-view of nanochannels along which an (y-x )
scan was performed. b. Confocal scan image of nanochannels filled with CNDs. c. Schematic
cross-sectional side view of nanochannels along which (y-z ) scans were performed. The
dashed arrow represent the optical excitation path – direction from immersion oil of objective
lens to nanofluidic device. d., e., and f. y-z scan images of nanochannels with an increasing
order of CNDs’ concentration flowing through nanochannels. g. High concentration of CND.
All the horizontal scale bars denotes 2 µm. The vertical scale bar denotes photon counts as
0.0 (lowest) to 1.0 (highest).
We measured the flow velocities of single DNA molecules inside 1D nanochannel within a
range of applied electric field from 27 V/mm to 300 V/mm (see supporting information
Figure S7). These measurements were performed inside a nanochannel with dnc of 30 nm.
The correlated photon counts provide two autocorrelations for two foci, and one forward and
one backward cross-correlation between them.26,27 A difference should be observed in two
cross-correlations due to a unidirectional flow profile as shown earlier by Arbour and Ender-
lein.27 The correlated data points from 2fFCS are fitted with the Fokker-Planck equation38
considering the 1D electro-osmotic flow.
An exemplary correlated photon counts of 1D flow measurement performed at 220 V/mm
is shown in Figure 4a. Here, sky-blue and red fitted curves are two cross-correlations, and
other two curves are autocorrelations. The velocity and diffusion coefficient from the curve
fitting are 1.51 × 10−7 cm2/s and -207 µm/s, respectively. The negative value of the flow
velocity infers the direction of the flow, which can be altered by changing the applied polarity
of the electric field. The linear relationship of electro-osmotic flows at different applied
electric fields is plotted in Figure 4b. The linear fit has an r2 value of 0.992.
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Figure 4: 1D Flow of 48bp DNA. a. 2fFCS measured correlation plots of photon counts
from two APDs. Here, applied electric field was of 220 V/mm. The data was fitted with
1D Fokker-Planck equation. From the fitting, we found diffussion coefficient of 1.51× 10−7
cm2/s. b. Plot of velocity versus applied voltage along the nanochannel. The data was
fitted with linear fit. c. Burst size distribution of single molecule transits fitted with two
Poissoinian distributions. Total time trace binned with 5 ms is shown in the inset. The inset
showing total time trace – the dashed bordered grey region is shown in d. d. A part of the
time trace plots of single photon bursts due single DNA molecules transits through focus.
To confirm whether the photon used in 2fFCS were from aggregates of single molecules,
photon burst sizes of molecular transits were analysed.39 Burst size distribution (BSD) of the
complete time trace for a flow measurement is shown in Figure 4c. The complete time trace
used in the BSD analysis is shown in the inset. We fit the BSD with Poisson distributions.
The first peak is due to the single molecule bursts, and the second is due to multiple-
molecule-events as observed by Enderlein et al.39 Multiple-molecule-events occur when more
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than one molecule transits through focus in close succession that the detectors cannot resolve
the temporal discretisations between two or more molecules. Figure 4d shows a magnified
region of the inset 5 ms binned time-trace of Figure 4c where 0 to 600 ms is highlighted with
a dashed box (grey inside). We clearly observe single molecule bursts in Figure 4d.
In summary, this letter presented an efficient method (SAEBD) of nanofabricating nanochan-
nels and their usage in single molecule nanofluidics to confine the thermal fluctuations. The
nanofabrication process demonstrated here is simple and high-throughput for large scale
producion of nanofluidic chips. The process is not material restricted, unlike the oxidation
and bonding based techniques. Single fluorophore molecules, CNDs, and DNA molecules
were studied inside nanochannels. 1D flows of them inside nanochannel were achieved using
electro-osmosis. Wide-field and confocal microscopy were used for qualitative analysis of the
1D flow. Using 2fFCS method the 1D flows of the mentioned species were quantitatively
analysed. A broad range of velocities was observed by varying the applied electric field along
the nanochannels. The BSD analysis confirm that the observed transits were mainly due
to single emitters. All the experiments were performed inside nanochannels of 30 nm × 35
nm in cross-section. This simple and high-throughput approach of fabricating nanochannels
paves the way towards detecting early onset of any disease at single molecule level. In fu-
ture, trapping nanoscale objects of less than 2 nm in size for large residence time should be
also feasible using these nanochannels. Biomolecular interactions such as dynamics of DNA,
protein aggregation, and structural biology of molecules in physiological condition can be
also studied at single molecule level using the SAEBD based nanofluidic devices.
Methods
Nanofabrication: A rigorous cleaning of the surface of interest is required to eliminate
unwanted organic or dust-particle contaminations. The silicon wafers were ultrasonicated
with acetone prior to piranha cleaning at 120◦ C for 15 min. The piranha cleaned wafers
were then rinsed with de-ionised water. The wafers were heated at 180◦ C for 10 min
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to make sure all the water molecules were evaporated. The cleaning protocol was carried
out inside a class 100 cleanroom. Prior to spin-coating, the wafers with e-beam resist, an
upright optical microscope with 100× objective lens was used to investigate the surface of the
silicon. Fused silica wafers were cleaned with RCA1 reagents instead of piranha. The pristine
wafers were spin-coated with the e-beam resist PMMA-A2 (polymethylene methacrylate from
MicroChem Corp., Newton, United States) at 2000 rpm for 60 s. The spin-coated wafers
were then baked at 180◦ C for 90 s. A uniform 100 nm thick PMMA film was produced on the
wafers. EBL was carried out on the PMMA coated wafers using fixed-e-beam-moving-stage
condition40 The first experiment where silicon wafers were used – nanochannel dimensions
were 2 mm long and 30 nm - 100 nm wide. The final fused silica based nanofludic device
contained 100 – 150 µm long nanochannels. To avoid overlapping periodic PSFs, the distance
between every two nanochannels was 2 – 3 µm. The EBL exposed PMMA was monomerised
and removed by immersing the wafers into MIBK:IPA (methyl isobutyl ketone dissolved in
isopropanol purchased from MicroChem Corp., Newton, United States) developer at -20◦ C
for 30 s. After 30 s, the wafers were immersed into isopropanol to stop over-development
and nitrogen blown dried. Nanometre scale openings were formed revealing the silicon or
silica where PMMA was removed with the developer. The remaining undeveloped PMMA
regions acted as a mask where no etching was performed for RIE. The reactive plasma was
created at high vacuum.
This process-flow is schematically described in Figure 1a. After the RIE treatment, the
left-over PMMA (mask-region) was removed with acetone, piranha, and oxygen RIE.
SAEBD: SAEBD was performed using a Leybold Univex 350 e-beam evaporation system
purchased from Oerlikon Leybold Vacuum GmbH, Cologne, Germany. The vacuum pressure
inside the chamber while evaporation was 1× 10−6 mbar. The dicing system used to cross-
section the silicon wafers was Disco Dad 320 purchased from Disco Corporation, Tokyo,
Japan. The diamond blade used in the system was ZH05-SD2000-N1-70 (Disco Corporation,
Tokyo, Japan).
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FIB: FIB used here is Nova NanoLab 600 DualBeam purchased from FEI Company,
Hillsboro, USA. The protection layer of platinum was deposited in two separate growth rates.
At the interface of Ti-2 we used 1 pA current for the deposition to achieve an uninterrupted
and atomic interface. The top most surface (Pt-4) was grown at fast deposition rate because
this surface is the first interacting surface with FIB dissipating majority of the damaging
ionic bombardments. To avoid any damage at the region of interest, ion beam was created
with 1 pA current at system vacuum of 1.5× 10−6 mbar.
2fFCS setup: We used the commercial confocal system Microtime 200 (PicoQuant,
Berlin, Germany) for scanning our samples and performing 2fFCS. The details of the setup
are included in the supporting information.
Buffer: Electro-osmotic flow was performed using 300 pM of 48 base-paired DNA (11
nm long) tagged with Alexa647 was diluted with Tris Buffer and 30%Glycerol with pH of 8.5.
Supporting Information
The supporting information contains the description of integrating the nanochannels to elec-
trodes, design of the nanofludic device, carbon nanodots cation-pi interaction behaviour,
2fFCS measured 1D diffusion of single Atto 488 fluorophores and electro-osmotic flow of
single DNA molecules at different electric fields.
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